This study was conducted to evaluate the effects of various protein sources (soybean meal, SBM; cottonseed protein, CSP; double-zero rapeseed meal, DRM) on the internal quality of refrigerated eggs. A total of 360 laying hens (32 wk of age) were randomly allotted to six treatment groups (five replicates per treatment) and fed diets containing SBM, CSP, or DRM individually or in combination with equal crude protein content (SBM-CSP, SBM-DRM, and CSP-DRM) as the protein ingredient(s). A 6×3 factorial arrangement was employed with dietary types and storage time (0 d, 2 wk, and 4 wk) as the main effects. After 12 wk of diet feeding, a total of 270 eggs were collected for egg quality determination. The egg Haugh unit (HU) in the CSP, SBM-DRM, and DRM groups were significantly lower than those in the SBM and SBM-CSP groups. The hardness and springiness of the cooked yolk in the CSP group were significantly higher than those in the other treatment groups. A lower HU, lower yolk index and higher albumen pH were observed in the DRM group compared to the SBM and SBM-CSP groups when the eggs were stored to 4 wk, and the HU was improved in the CSP-DRM group compared to the DRM group (p<0.05). Higher yolk hardness was observed in the CSP group compared to the other groups during storage (p<0.05), but the hardness of the cooked yolk in the SBM-CSP and CSP-DRM groups showed no difference in comparison to the SBM group. In conclusion, CSP may ameliorate the negative effects of DRM on the HU of refrigerated eggs, and SBM or DRM may alleviate the adverse effects of CSP on yolk hardness.
INTRODUCTION
The hugely fluctuating prices of feed protein resources, especially high-quality protein ingredients such as soybean meal (SBM), have been a limiting factor in poultry production and are becoming increasingly challenging. One solution to the current situation is to develop alternative, locally available protein feedstuffs. Numerous investigations have focused on the effects of dietary protein levels on the quality of fresh eggs (Tarasewicz et al., 2006; Rao et al., 2011; Li et al., 2013) . However, studies on the effects of various dietary protein sources on egg quality are relatively scarce.
Traditionally, SBM has been used as the preferred protein ingredient in the diets of laying hens due to its high nutritional value and favorable amino acid profile, close to the ideal model (Martens et al., 2012) . However, the higher price of SBM prevents the inclusion of a higher ratio of SBM in the diet. The development of alternatives to SBM or new protein ingredients is a long-term task for animal nutritionists. In recent years, with the advancement of rape breeding, rapeseed meal or double-zero rapeseed meal (DRM, such as canola meal) is widely used as a protein ingredient for poultry and serves as a good source of wellbalanced amino acids (AA), sulfur-containing AA in particular (Khajali and Slominski, 2012) . However, published works on DRM mainly focus on broilers (Woyengo et al., 2010; Jung et al., 2012) . In addition, great progress has been made in effectively removing free gossypol (FG) from cottonseed meal. Cottonseed protein (CSP), one of the deep-processed products of cottonseed meal, is a good source of well-balanced and high nutritional value. Since 2008, China officially has promulgated cottonseed protein as potential alternative protein ingredient in place of SBM.
Freshly laid eggs are normally kept in cool conditions soon after laying, as prolonged exposure to elevated temperatures will deteriorate egg quality and increase microbial growth (Keener et al., 2001 ). In addition, our preliminary trial observed that there was some influence of dietary protein sources on fresh egg quality of Jinghong laying hens during peaking period (data not shown). However, whether these plant protein ingredients affect the internal quality of the egg under refrigerated conditions is not clear. This information is very important in understanding how to improve the utilization of dietary nutrients formulated with these plant protein ingredients. Therefore, a study was undertaken aiming to assess the effects of different plant protein ingredients on the internal quality of raw and cooked shell eggs under refrigerated conditions.
MATERIALS AND METHODS

Egg preparation
This study was approved by the Animal Care and Use Committee of the Feed Research Institute of the Chinese Academy of Agricultural Sciences. Three hundred and sixty Jinghong laying hens of 32 wk of age were randomly allotted to six treatment groups that received variations in dietary protein sources, including SBM, CSP, or DRM individually or in combinations of two different protein sources, in which each ingredient provided an equal amount of crude protein in the diet. The specific treatment groups were as follows: SBM, SBM-CSP, CSP, SBM-DRM, DRM, and CSP-DRM. Each treatment consisted of five replicates with three cages each and four hens per cage. The cages were made of galvanized metal wire (approximately 55 cm×37 cm×40 cm). Each cage included a nipple waterer, and all hens were provided feed and water ad libitum. The temperature and relative humidity (RH) of the housing were 14°C±2°C and 50% to 65%, respectively, and the photoperiod was set at 16L:8D throughout the 12-wk feeding period. The hens were fed a mashed diet, and all nutrient levels met or exceeded the NRC requirements (National Research Council, 1994) . A total of 270 eggs were collected over two consecutive days when the laying hens were 45 wk old. The eggs were screened for desirable weight range (close to the average egg weight for each replicate) and no defects (crack and breakage) and were weighed using an electronic balance (ALC-2000.2, Sartorius Group, Acculab, Gottingen, Germany). The dietary composition and nutrient levels and the AA Pattern of standardized ileal digestibility (SID) of the diets are shown in Table 1 and 2.
Experimental design and storage of eggs
A total of 90 fresh eggs were collected and measured for egg quality within 24 h after laying. The other 180 eggs were used in a factorial arrangement with six dietary protein sources and two storage times as the main effects. Each of the 30 eggs was placed small-end down (Kim et al., 2009) on egg racks and stored in the cool room of a refrigerator (4°C). The RH was regulated at 50% to 60% for all treatments. Egg quality measurements were performed on 15 eggs per treatment at intervals of 2 wk during the 4-wk period at 4°C.
Measurement of weight loss, Haugh unit, yolk index and albumen pH
The weight loss of the whole egg (%) was calculated as follows: ([initial whole egg weight {g} at day 0 -whole egg weight (g) after storage]/initial whole egg weight (g) at day 0)×100, as reported by Wardy et al. (2013) . The Haugh unit (HU) of each egg was measured using the Egg Analyzer (Orka Food Technology Ltd., Ramat Hasharon, Israel). An egg quality measurement stand (Fuji Ping Industrial Co. Ltd., Tokyo, Japan) and a vernier caliper (General Tools & Instruments, New York, NY, USA) were used to measure the yolk width (mm), and the yolk index was computed as (yolk height [mm]/yolk width [mm]) (Stadelman, 1995) . The albumen pH was measured using a pH/temperature measuring instrument (Testo AG, Lenzkirch, Germany) after thoroughly mixing both the thick and thin albumen. Ten measurements were performed for each treatment.
Measurement of hardness and springiness of cooked yolk
The eggs were placed in an egg cooker for 10 min, and then the eggshell and egg white were stripped, ensuring the integrity of the egg yolk to the greatest extent. The hardness and springiness of the cooked yolk were measured using the texture profile analysis of the TMS-Pro Texture Analyzer (Food Technology Co., Sterling, VA, USA). The parameters were employed as follows: yolk deformation, 50%; detection speed, 30 mm/min; probe pick up to the sample surface height, 40 mm; input force sensing element, 24 N; and force sensing element diameter: 38.15 mm and height: 20.00 mm. Five measurements were performed for each treatment.
Statistical analysis
All of the data were analyzed by analysis of variance (ANOVA) using the general linear model procedures (SPSS ver. 19.0, SPSS Inc., Chicago, IL, USA) as a 6×3 factorial arrangements with dietary type and storage time as the main effects. One-way ANOVA was also used to analyze the differences among all treatments when the interaction was significant, and then Duncan's multiple range tests were used to separate the mean values. All statements of significance are based on p<0.05 unless otherwise specified.
RESULTS
Haugh unit and albumen pH of raw eggs
The effect of dietary protein sources and storage time on the HU of raw eggs is shown in Table 3 . The dietary protein sources significantly affected the HU parameters. The HU of the eggs in the CSP, SBM-DRM, and DRM groups were lower than those in the SBM and SBM-CSP groups, and the DRM diet group showed the lowest value (p<0.05). Storage time remarkably affected the HU of raw eggs, with a decrease in HU observed with storage time (p<0.05). A significant interaction between dietary type and storage time was also observed (p<0.05). The HU of the eggs in the SBM-DRM and DRM groups showed lower levels than those in the other groups when stored to 4 wk at 4°C (p<0.05). The HU of the eggs was higher in the SBM-CSP group compared with the other groups during storage. Table 3 shows the effect of the dietary protein sources and storage time on the albumen pH of raw eggs. The dietary protein sources did not affect the albumen pH of the eggs, although storage time significantly affected the albumen pH of raw eggs. The albumen pH of fresh eggs (0 d) was lower than that of stored eggs, especially when stored for 4 wk at 4°C (p<0.05). A significant interaction between dietary protein type and storage time was observed regarding the albumen pH of the eggs (p<0.05). Specifically, the albumen pH (8.92) of the eggs was higher in the DRM group than in the SBM and SBM-CSP groups when stored for 4 wk at 4°C (p<0.05).
Weight loss and yolk index of raw eggs
The dietary protein sources did not affect the weight loss of the eggs (p>0.05; Table 3 ). Storage time significantly increased the weight loss of the eggs under refrigerated conditions (p<0.05), although no interactions were observed between the dietary protein sources and the storage time on the weight loss of the eggs (p>0.05). The dietary protein sources also did not affect the yolk index, although the yolk index of raw eggs significantly decreased with increasing storage time (p<0.05). A significant interaction was noted between the dietary protein sources and storage time regarding the yolk index during storage (p<0.05). In particular, a remarkable decline in the yolk index was observed in the DRM group compared with the SBM and SBM-CSP groups after storage for 4 wk (p<0.05). Table 4 illustrates the effect of the dietary protein type and storage time on the hardness of the cooked yolks. The dietary protein sources significantly affected the hardness of the cooked yolks, with the yolks in the CSP group showing greater hardness than the other groups (p<0.05). The hardness of the cooked yolks after 4 wk of storage was significantly higher than those values at 0 d and 2 wk under refrigerated conditions (p<0.05), and a significant interaction was observed between the dietary type and storage time on the hardness of the cooked yolks during storage (p<0.05). The hardness of the cooked yolks increased dramatically in the CSP group when stored under refrigerated conditions (p<0.05), whereas the hardness of the cooked yolks remained unaffected in the laying hens fed the SBM-CSP or CSP-DRM diet.
Hardness and springiness of cooked yolk
The CSP diet significantly increased the springiness of the cooked yolks (p<0.05) compared with the other diets except for the CSP-DRM diet (Table 4 ). The storage time did not affect the springiness of the cooked yolks (p>0.05). No interactions were observed between the dietary protein sources and the storage time regarding the springiness of the cooked yolks (p>0.05).
DISCUSSION
In the current study, all diets were formulated at a fixed dietary energy concentration (2,655 kcal of AME/kg) and CP content (16.5%), and the profile of different essential AA (SID) in relation to lysine remained constant in all of the diets. The current study showed that replacement of half of the crude protein of dietary CSP with SBM or DRM (SBM-CSP, CSP-DRM) may alleviate the adverse effect of CSP on the cooked yolk hardness of refrigerated eggs. Using CSP to replace DRM with equal crude protein may also improve the adverse effect of DRM on the HU of raw eggs. The internal quality (except yolk springiness) of the raw and cooked shell eggs decreased during storage.
The HU is calculated from the height of the inner thick albumen and the weight of an egg (Haugh, 1937) , while the numerical value mainly reflects the thick albumin content of the egg. The viscosity of the thick white gives the egg white its viscous character and is conferred by a glycoprotein ovomucin (Brooks and Hale, 1959; Omana et al., 2010) , and the HU value was mainly influenced by ovomucin content of egg. In this study, a remarkable reduction in HU was observed in the SBM-DRM and DRM groups compared with the other groups under refrigerated condition. Nevertheless, the reduced HU resulting from the DRM diet was partially ameliorated by the combination of CSP in different dietary treatments. Previous studies have demonstrated that the major effect on HU are the strain and age of the hen laying the egg and the storage time and conditions (Shafer et al., 1998; Silversides and Scott, 2001 ). It might be affected by the egg white thinning which was due to the deterioration of the ovomucin gel structure at elevated pH during storage (Wang et al., 2012) . Therefore, we assumed that the HU was influenced by the ovomucin content of egg in the current experiment. However, specific mechanism of dietary protein sources on HU of chicken eggs under refrigerated conditions awaits further study.
We also found that dietary protein sources affected the hardness of the cooked yolk. In particular, a remarkable increase in yolk hardness was observed in the CSP group compared with the other groups. However, the replacement of CSP with an equal crude protein content of SBM or DRM alleviated the adverse effects on yolk hardness. Bai et al. (2014) found that 2% cottonseed oil in the diet increased the hardness of the egg yolks due to the FG residue in the yolk from the cottonseed oil. Another study showed that a diet containing FG (200 g/kg) produced eggs with olive or brown yolk discoloration after cold storage (Gilani et al., 2012) . However, we observed no layer mortality or yolk or albumen discoloration with the increase in hardness of the cooked yolk following the CSP diet. This result illustrated that the FG content (56.57 mg/kg) had no effect on the albumen or yolk color in the CSP group. However, the relationship between the FG content and the hardness of cooked yolks under refrigerated conditions requires further investigation. Our study indicated that the HU and yolk index of raw eggs decreased, whereas the weight loss and albumen pH of raw eggs increased, with increased storage time at 4°C, which was also observed in other studies (Caner and Cansiz, 2008; Kim et al., 2009; Jin et al., 2011; Wardy et al., 2013) . Generally speaking, the HU, albumin pH and yolk index are considered to be indicators of egg quality, which can be used to indicate freshness (Waimaleongora-Ek et al., 2009; Wardy et al., 2013) . However, the problems of weight loss and interior quality deterioration may be encountered during the storage of eggs (De Reu et al., 2006) . Several possible reasons for those problems have been proposed, including the gradual deterioration of the gel structure of the thick albumen leading to albumen thinning (Kato et al., 1979; Nongtaodum et al., 2013) ; carbon dioxide loss from the breakdown of carbonic acid in the albumen leading to increased albumen pH; and carbon dioxide and moisture escape via the eggshell pores leading to weight loss and reduction of the yolk index (Keener et al., 2000; Kemps et al., 2007; Caner and Cansiz, 2008; Biladeau and Keener, 2009 ). In addition, it was also found that yolk weight increased while the albumen weight decreased during storage (data not shown), which supported the concept of yolk uptake of moisture from the egg white (Hidalgo et al., 1996) leading to weakening of the yolk membrane and a reduction in the yolk index. One interesting result was that the hardness of the cooked yolk increased with storage time at 4°C. This is problematic because higher hardness values are associated with a reduced texture quality of the cooked yolk and a poorer taste of the cooked yolk to consumers. In fact, published work regarding the effects of storage time on yolk hardness is very limited at present. Yang et al. (2011) reported that the increased hardness of Portunus pelagicus crabs during frozen storage was due to a change in protein composition. Therefore, the observed increase in yolk hardness may be due to changes in the yolk protein or structural material that occurred during storage at 4°C.
In the current study, we found that hens fed combinations of any two of the protein ingredients with similar crude protein contents (SBM-CSP, SBM-DRM, and CSP-DRM) showed improvements in the internal quality of raw and cooked shell eggs compared with hens fed the DRM or CSP diet. Among all treatment groups, the egg internal quality, yolk hardness and yolk springiness in the SBM-CSP group were very similar to those in the SBM group. Therefore, there may be a combined effect between dietary protein sources, and this finding indicates that additional choices for dietary protein sources are available for laying hens. In particular, this result may alleviate the problem of soybean shortages and also reduce the feed cost of laying hens.
CONCLUSION
In summary, dietary protein sources affected the internal quality of raw and water-cooked eggs during storage. In particular, CSP may inhibit the effects of DRM on decreased HU of raw eggs, whereas SBM or DRM may alleviate the adverse effects of CSP on the cooked yolk hardness of refrigerated eggs. Therefore, we speculate that there may be a combined effect between dietary protein sources on egg internal quality, and this information may provide additional choices regarding protein sources to egg producers.
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